In this work we report on fabrication of laser-induced periodic surface structures (LIPSS) on different semiconductors with bandgap energies in the range of 1.3-3.3.eV and melting temperatures from 1100 to 2700 o C. In particular, InP, GaAs, GaP and SiC were irradiated in air with nanosecond pulses using a linearly polarized laser beam at 266 nm (6 ns pulse width). The nanostructures, inspected by atomic force microscopy, are produced upon multiple pulse irradiation at fluences near the ablation threshold.
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Introduction
Since the early observation of laser-induced periodic surface structures (LIPSS), also termed as ripples, on semiconductors [1] this kind of nanostructures have been imprinted on almost all kinds of materials and have been extensively investigated using low power cw and pulsed laser sources of nanosecond (ns) and femtosecond (fs) duration [2] [3] [4] [5] [6] [7] [8] . In general, the ripples have a period  dependent on laser wavelength , on the angle of incidence of the radiation  i and on index of refraction n and can be described by the relation  =n-sin i ) [2] . After exposure of a smooth solid to a linearly polarized radiation at normal incidence, often the lateral period of the fabricated LIPSS is very close to the wavelength of the incident radiation. It has been proposed that this type of ripples arises from optical interference effects due to the superposition of the incident radiation with a surface electromagnetic wave which is created at the material-medium interface during irradiation together with a feedback mechanism [3] [4] [5] [6] [7] [8] .
Recently, LIPSS resulting from fs laser irradiation of solids have received considerable attention in attempts to determine their formation mechanism [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Irradiation of surfaces at normal incidence usually leads to the formation of low spatial frequency LIPSS (LSFL) with period comparable to the laser wavelength. This type of structures is explained in reference to the previously mentioned interference mechanism. In the case of metals, semiconductors and dielectrics, the formation of ripple structures with subwavelength periods has also been observed. These high spatial frequency LIPSS (HSFL) have been obtained using fs laser pulses of different duration, wavelength, fluence and number of pulses [20] [21] [22] [23] [24] [25] . Several mechanisms have been proposed as the origin of HSFL, such as interference effects along with transient changes in the optical properties during laser irradiation [26] , second harmonic generation [24, 27] , excitation of surface plasmon polaritons [28] , resolidification [29] , self organization [11] [12] [13] and Coulomb explosion [30] .
Wide band gap (WBG) semiconductors have expanded the scope of applications beyond those of silicon. The developing list of such materials for use in device production is remarkable and continues to provide new design possibilities. The inherent properties of WBG make them ideal candidates for high-power, high-temperature electronic devices, power amplifiers, switches, and short wavelength light sources. Therefore, modification of structure and properties of WBGs at the nanometer scale attracts great interest [31] .
In this work, LIPSS were imprinted on the surface of WBG semiconductors wafers of Indium Phosphide (InP), Gallium Arsenide (GaAs), Gallium Phosphide (GaP) and Silicon Carbide (SiC) by irradiating in air with linearly polarized, 266 nm, 6 ns laser pulses. The period and amplitude of the LIPSS were characterized by atomic force microscopy (AFM) as a function of the laser fluence and number of pulses. We have observed that as the bandgap of the semiconductor material increases, higher fluence or number of pulses are needed for LIPSS formation whereas the amplitude of the ripples is related with the optical and thermal penetration depth. Estimations of surface temperature increase are discussed with reference to the WBG semiconductor electrical, optical and thermal properties.
Experimental setup
For studying ripple formation, multiple pulse laser irradiation of undoped semiconductor wafers of InP, GaAs, GaP and SiC was carried out in ambient air at normal incidence. The electrical, optical and thermal properties of those materials [32, 33] are summarized in Table 1 . For irradiating the samples we used the linearly Table 1 and indicate the arithmetic average of the deviations in height from the center plane of the sample. Each R a value corresponds to the average of three independent measurements in different locations of the substrate surface.
Results
Irradiation of the semiconductor wafers was performed at different fluences and number of pulses in order to find the conditions for obtaining the most uniform ripples in terms of period and amplitude. The minimum fluence (F m ) needed for LIPPS fabrication is displayed in Table 2 together with the experimental conditions for the optimum LIPSS fabrication for each semiconductor wafer. Figure 1 shows AFM height images and corresponding cross-section of the LIPSS obtained in InP, GaAs and GaP. For GaP, a number of pulses higher than that used for GaAs are necessary to fabricate uniform LIPSS. The best ripples, with a period of 263 nm and amplitude of 15 nm, were obtained at 125 mJ/cm 2 and 300 pulses (Figure 1c ). Increasing the fluence and/or the number of pulses caused the disappearance of the uniform ripples.
In the case of SiC, no LIPSS were obtained for fluences as large as 300 mJ/cm 2 and for a large number of pulses (up to 600).
Discussion
As mentioned, the mechanism of LIPSS formation can be explained as the result of the optical interference effects due to the superposition of the incident radiation with a surface electromagnetic wave, which is created and scattered along the irradiated surface [2, 5, 34] . This results in a modulated distribution of energy on the surface which consequently induces a similarly modulated heating. The thermal penetration depth of the irradiated zone can be calculated by d th = (D) 1/2 with D= κ/ρc being the thermal diffusivity, κ the thermal conductivity,  the density, c the specific heat of the material (Table 1 ) and  the pulse duration (6 ns). For the materials under study d th is below 1 m, thus much smaller than the diameter of the irradiated area. Therefore, for estimating the temperature increase of the irradiated substrate, one can assume for simplicity that the temperature distribution is associated with depth x and time t. It is also assumed that, during the irradiation time interval, the material parameters and the irradiation intensity are constant. Under these approximations, the one-dimensional heat conduction equation can be used to estimate the temperature increase as function of x and t [35, 36] :
] is the function describing the temporal shape of laser pulse [36] , approximated by a modified Gaussian beam, where the t factor ensures that intensity vanishes at t= 0. The optimum conditions for LIPSS formation can be related with the surface temperature reached upon irradiation and with the semiconductor melting point (see Table 1 ). For InP and GaAs, the temperature attained at the surface is slightly below the corresponding melting point (Table 1 ). In the case of GaP, the temperature of the irradiated surface is clearly below the melting point. For SiC, and due to the high values of specific heat c and thermal conductivity k of this material, higher fluences than those explored in this work are expected to be required to melt the outer sample layer.
These results indicate that in order to obtain LIPSS, a minimum fluence is necessary to assure that the surface temperature is high enough for allowing melting and material rearrangement. On the other hand, material evaporation produces emission of atoms from the semiconductor surface [34] . Evaporation is the origin of microdefects that raise the surface roughness and enhance the absorption of the produced microsites. This in turn increases the surface inhomogeneities which facilitate the feedback mechanism necessary for the ripple formation.
It is important to notice that temperature estimations do not take into account neither modification of the thermal properties of the material nor incubation effects that can be induced as a consequence of repetitive irradiation. In order to assess the influence of multiple pulse irradiation, we calculated the thermal diffusion time, t d = 1/Dα 2 . This parameter is of the order of 100 s for the studied materials. These thermal diffusion times are much smaller than the time interval between two consecutive pulses (100 ms).
This implies that purely cumulative thermal heating can be excluded as the origin of ripples.
The relative increase of fluence and number of pulses needed for imprinting optimum LIPSS on the semiconductors are observed to rise as the energy bandgap increases. This is related to the fact that higher melting temperatures correspond to wider bandgaps (Table 1) and thus, higher temperatures should be reached upon irradiation in order to allow melting and rearrangement of material.
Measured ripple periods are of the order of the irradiation wavelength for all analyzed semiconductors, whereas a moderate increase in amplitude is observed as the optical and thermal penetration depths of the material increase. The optical absorption depth for a single pulse, calculated as the inverse of the linear optical absorption coefficient (Table 1) 
